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Abstract
We study a scalar-tensor bimetric cosmology in the Randall-Sundrum model with
one positive tension brane, where the biscalar field is assumed to be confined on the
brane. The effective Friedmann equations on the brane are obtained and analyzed. We
comment on resolution of cosmological problems in this bimetric model.
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Variable-Speed-of-Light (VSL) cosmologies were proposed [1, 2] as possible solutions
to the initial value problems in the Standard Big Bang (SBB) model. VSL models
assume that the speed of light initially took a larger value and then decreased to
the present day value at an early time. The VSL models solve various cosmological
problems of the SBB model associated with the initial value problems, including those
solved by the inflationary scenario [3, 4, 5]. In the original models by Moffat [1] and
by Albrecht and Magueijo [2], the speed of light c (and possibly the Newton’s constant
G4) in the action, which is a fundamental constant of the nature, is just assumed to
vary with time during an early period of cosmic evolution and thereby the Lorentz
symmetry becomes explicitly broken. So, it becomes necessary to assume that there
exists a preferred frame in which the laws of physics take simple forms. Later, Clayton
and Moffat [6, 7, 8, 9] proposed an ingenious mechanism by which the speed of light can
vary with time in a diffeomorphism invariant manner and without explicitly breaking
the Lorentz symmetry. (See also Ref. [10] for an independent development.) In their
models, two metrics are introduced into the spacetime manifold (thereby their models
are called bimetric), one being associated with gravitons and the other providing the
geometry on which matter fields, including photons, propagate. Since these two metrics
are nonconformally related by a scalar field (called a biscalar) or a vector field (called
a bivector), photons and gravitons propagate at different speeds.
It has been shown [11, 12, 13, 14, 15, 16, 17, 18] that brane world models manifest
the Lorentz violation, which is a necessary requirement for the VSL models. Therefore,
it would be of interesting to study the VSL cosmologies within the context of the brane
world scenarios. In particular, the VSL models may provide a possible mechanism for
bringing the quantum corrections to the fine-tuned brane tensions under control, since
the VSL models generally solve the cosmological constant problem. In our previous
work [19], we studied the VSL cosmologies in the Randall-Sundrum (RS) scenarios
[20, 21], following the approach of the earlier VSL models [1, 2, 22, 23, 24, 25, 26] with
varying fundamental constants. In this paper, we follow the approach of Clayton and
Moffat to study the bimetric cosmology in the RS2 model [21].
In the bimetric models it is usually assumed that gravitons and the biscalar 2 (or
the bivector) propagate on the geometry described by the “gravity metric”, whereas
all the matter fields propagate on the geometry described by the “matter metric”. So,
a natural bimetric modification of a brane world model would be just to modify the
brane matter field action to be constructed out of the matter metric. We consider
the bimetric model with a biscalar, which is assumed to be confined on the brane
worldvolume. The action for the bimetric RS2 model with the brane matter fields
therefore takes the following form:
S =
∫
d5x
√−G
[
c4
16πG5
R− Λ
]
+
∫
d4x
√
−gˆLmat
2As shown in Ref. [7], one can also rewrite the biscalar equation of motion in such a way that the
biscalar field appears to propagate on a different geometry described by the metric expressed in terms
of the gravity metric and the matter field energy-momentum tensor.
1
−
∫
d4x
√−g
[
1
2
gµν∂µΦ∂νΦ + V (Φ) + σ
]
, (1)
where Φ is the biscalar field with the potential V (Φ) and σ is the tension of the brane
assumed to be located at the origin y = 0 of the extra spatial coordinate y. Here, the
gravity metric gµν and the matter metric gˆµν on the brane are given in terms of the
bulk metric GMN and Φ by
gµν = Gµν(x
ρ, 0), gˆµν = gµν − B∂µΦ∂νΦ, (2)
where a dimensionless constant B is assumed to be positive. The Lagrangian Lmat for
the brane matter fields is constructed out of gˆµν .
We study the brane world cosmology associated with the above action. The general
metric ansatz for the expanding brane universe where the principle of homogeneity and
isotropy in the three-dimensional space on the three-brane is satisfied is given by
GMNdx
MdxN = −n2(t, y)c2dt2 + a2(t, y)γijdxidxj + b2(t, y)dy2, (3)
where γij is the metric for the maximally symmetric three-dimensional space given in
the Cartesian and the spherical coordinates by
γijdx
idxj =
(
1 + k
4
δmnx
mxn
)−2
δijdx
idxj =
dr2
1− kr2 + r
2(dθ2 + sin2 θdφ2), (4)
with k = −1, 0, 1 respectively for the three-dimensional spaces with the negative, zero
and positive spatial curvatures. Making use of the fact that it is always possible to
choose a gauge so that n(t, 0) is constant without introducing the cross term Gty, we
scale the time coordinate such that n(t, 0) = 1. With the assumption of homogeneity
and isotropy on the three-brane, the biscalar field Φ does not depend on the spatial
coordinates xi (i = 1, 2, 3) of the three-brane.
In obtaining the Einstein’s equations by varying the action w.r.t. the metric, we
have to keep in mind that gˆµν is the physical metric for matter fields on the brane. So,
the energy-momentum tensor for the matter fields are defined in terms of gˆµν :
Tˆ µν ≡ 2√−gˆ
δ(
√−gˆLmat)
δgˆµν
. (5)
Modeling the brane matter fields as perfect-fluid, we can put this energy-momentum
tensor into the following standard form:
Tˆ µν =
(
̺+
℘
c2
)
UµUν + ℘gˆµν , (6)
where ̺, ℘ and Uµ are respectively the mass density, the pressure and the four-velocity
of the fluid, and the inverse gˆµν of gˆµν is given by
gˆµν = gµν +
B
1−Bgαβ∂αΦ∂βΦg
µµ′gνν
′
∂µ′Φ∂ν′Φ. (7)
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The four-velocity is normalized as gˆµνU
µUν = −c2. So, in the comoving coordinates,
the nonzero component of Uµ is given by
U t =
1√
1 +BΦ˙2/c2
, (8)
where the overdot denotes derivative w.r.t. t. The nonzero components of the energy-
momentum tensor for the brane matter fields are therefore
Tˆ tt =
̺
1 +BΦ˙2/c2
, Tˆ ij =
℘
a20
γij . (9)
Since we assume that the matter field action is constructed out of gˆµν , the equations
of motion of the brane matter fields imply the conservation law for the brane matter
fields energy-momentum tensor:
1√−gˆ ∂µ
(√
−gˆTˆ µν
)
= 0, (10)
which takes the following standard form after the above expressions for the energy-
momentum tensor and the matter metric are substituted:
˙̺ + 3
(
̺+
℘
c2
)
a˙0
a0
= 0, (11)
where the subscript 0 denotes quantities evaluated at y = 0, i.e., a0(t) ≡ a(t, 0). This
conservation equation can be derived independently from the effective four-dimensional
Friedmann equations on the brane, implying that Eq. (10) is consistent with the
Einstein’s equations (12) in the below.
Taking the variation of the action S w.r.t. the metric, we obtain the following
Einstein’s equations:
GMN = 8πG5
c4
T MN , (12)
with the total energy-momentum tensor given by
T MN = −GMNΛ + δMµ δNν
[
Tˆ µν
√−gˆ√−G +
{
gµµ
′
gνν
′
∂µ′Φ∂ν′Φ− 12gµν∂αΦ∂αΦ
−gµνV (Φ)− gµνσ}
√−g√−G
]
δ(y). (13)
The equation of motion for the biscalar is
∇2Φ− V ′(Φ) +B
√−gˆ√−g Tˆ
µν∇ˆµ∇ˆνΦ = 0, (14)
where ∇2Φ = gµν∇µ∇νΦ and the covariant derivative ∇µ [∇ˆµ] is defined in terms of
the metric gµν [gˆµν ]. We made use of the conservation law (10) to achieve the simplified
3
form of the last term on the LHS and the prime on the biscalar potential V denotes
derivative w.r.t. Φ. The above biscalar equation has dependence on Tˆ µν due to the fact
that the matter metric gˆµν , of which the brane matter fields action is made, depends
on ∂µΦ.
After the above ansatz for the metric and the biscalar field are substituted, the
Einstein’s equations (12) take the following forms:
3
n2c2
a˙
a
(
a˙
a
+
b˙
b
)
− 3
b2
[
a′
a
(
a′
a
− b
′
b
)
+
a′′
a
]
+
3k
a2
=
8πG5
c4
[
Λ +
(
̺Φc
2 +
̺c2√
I
+ σ
)
δ(y)
b
]
,(15)
1
b2
[
a′
a
(
2
n′
n
+
a′
a
)
− b
′
b
(
n′
n
+ 2
a′
a
)
+ 2
a′′
a
+
n′′
n
]
+
1
n2c2
[
a˙
a
(
2
n˙
n
− a˙
a
)
+
b˙
b
(
n˙
n
− 2 a˙
a
)
− 2 a¨
a
− b¨
b
]
− k
a2
=
8πG5
c4
[
−Λ +
(
℘Φ +
√
I℘− σ
) δ(y)
b
]
, (16)
n′
n
a˙
a
+
a′
a
b˙
b
− a˙
′
a
= 0, (17)
3
b2
a′
a
(
a′
a
+
n′
n
)
− 3
n2c2
[
a˙
a
(
a˙
a
− n˙
n
)
+
a¨
a
]
− 3k
a2
= −8πG5
c4
Λ, (18)
where the primes on the metric components denote derivative w.r.t. y. Here, the
biscalar field mass density ̺Φ and pressure ℘Φ and I are defined as
̺Φ =
(
1
2
Φ˙2
c2
+ V
)
1
c2
, ℘Φ =
1
2
Φ˙2
c2
− V, I ≡ 1 +B Φ˙
2
c2
. (19)
The biscalar field equation (14) takes the following form:
1
c2
(
1− c
2B
I3/2
̺
)
Φ¨ +
3
c2
a˙0
a0
Φ˙
(
1 +
B√
I
℘
)
+ V ′(Φ) = 0. (20)
In the above equations of motion, we made use of the assumption n(t, 0) = 1 to simplify
the expressions.
The derivatives of the metric components w.r.t. y are discontinuous at y = 0 due
to the δ-function like brane source there. From Eqs. (15,16), we obtain the following
boundary conditions on the first derivatives of a and n at y = 0:
[a′]0
a0b0
= −8πG5
3c4
(σ + ̺totc
2), (21)
[n′]0
n0b0
= −8πG5
3c4
(σ − 3℘tot − 2̺totc2), (22)
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where
̺tot ≡ ̺Φ + ̺/
√
I, ℘tot ≡ ℘Φ +
√
I℘. (23)
Here, [F ]0 ≡ F (0+)− F (0−) denotes the jump of a function F (y) across y = 0.
The effective four-dimensional Friedmann equations on the three-brane worldvol-
ume can be obtained [27] by taking the jumps and the mean values of the above
five-dimensional Einstein’s equations across y = 0 and then applying the boundary
conditions (21,22) on the first derivatives of the metric components. Here, the mean
value of a function F across y = 0 is defined as ♯F ♯ ≡ [F (0+)+F (0−)]/2. In this paper,
we assume that the brane universe is invariant under the Z2 symmetry, y → −y. Then,
the mean value of the first derivative of a function across y = 0 vanishes. We also de-
fine the y-coordinate to be proportional to the proper distance along the y-direction
with b being the constant of proportionality, so b′ = 0. We further assume that the
radius of the extra space is stabilized, i.e., b˙ = 0, due to some mechanism involving for
example a bulk scalar field with a stabilizing potential (Cf. Refs. [28, 29]). Making
use of these assumptions, we define the y-coordinate such that b = 1. The resulting
effective four-dimensional Friedmann equations take the following forms:
(
a˙0
a0
)2
=
16π2G25
9c6
(̺2totc
4 + 2σ̺totc
2) + c2
a′′R 0
a0
+
8πG5
3c2
(
Λ +
2πG5
3c4
σ2
)
− kc
2
a20
, (24)
a¨0
a0
= −16π
2G25
9c6
(2̺2totc
4 + σ̺totc
2 + 3σ℘tot + 3℘tot̺totc
2)− c2a
′′
R 0
a0
+
16π2G25
9c6
σ2, (25)
where the subscript R denotes the regular part of a function (note, a′′ has a δ-function
like singularity at y = 0).
The a′′R 0-term (called “dark radiation” term) in the above Friedmann equations
originates from the Weyl tensor of the bulk and thus describes the backreaction of the
bulk gravitational degrees of freedom on the brane [27, 30, 31, 32, 33]. This term can
be evaluated by solving a′′R as a function of y from the following equation obtained
from the Einstein’s equations (15,16,18):
3
a′′R
a
+
n′′R
n
= −16πG5
3c4
Λ, (26)
along with the following relation obtained from the (t, y)-component Einstein’s equa-
tion (17) with the assumed b˙ = 0 condition:
n(t, y) = λ(t)a˙(t, y), (27)
where λ(t) is an arbitrary function of t. The resulting expression is
a′′R =
C
a3
− 4πG5
3c4
Λa, (28)
where C is an integration constant.
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To make contact with conventional cosmology having the Hubble parameter pro-
portional to
√
̺, we assume that σ ≫ ̺totc2, ℘tot [34, 35]. To the leading order, the
effective Friedmann equations (24,25) along with Eq. (28) then take the forms
(
a˙0
a0
)2
=
32π2G25σ
9c4
√
I
̺+
32π2G25σ
9c6
(
1
2
Φ˙2
c2
+ V
)
+
4πG5
3c2
(
Λ +
4πG5
3c4
σ2
)
+
Cc2
a40
−kc
2
a20
, (29)
a¨0
a0
= −16π
2G25σ
9c4
√
I
(
̺+ 3I
℘
c2
)
− 32π
2G25σ
9c6
(
Φ˙2
c2
− V
)
+
4πG5
3c2
(
Λ +
4πG5
3c4
σ2
)
− Cc
2
a40
.
(30)
These effective Friedmann equations for the bimetric brane world cosmology have the
same forms as the Friedmann equations for the scalar-tensor bimetric model of Clayton
and Moffat except for the dark radiation term Cc2/a40.
Note, the overdots in the above effective equations denote derivatives w.r.t. the
time coordinate t, with which the matter metric takes the form
gˆµνdx
µdxν = −
[
c2 +BΦ˙2
]
dt2 + a20(t)γijdx
idxj, (31)
and the gravity metric on the brane is given by
gµνdx
µdxν = −c2dt2 + a20(t)γijdxidxj. (32)
Namely, the above effective equations are written in a comoving frame for the gravity
metric. As can be seen from these metric expressions, with a choice of time coordinate
t, a graviton travels with a constant speed cgrav = c and a photon, which is coupled
to gˆµν , travels with variable speed cph =
√
c2 +BΦ˙2 = c
√
I. So, a photon is observed
to travel faster than the present day speed in this frame, while the biscalar field varies
with t.
Since all the matter fields on the brane are coupled to the matter metric gˆµν , it
would be more natural to consider the comoving frame for the matter metric in order
to make a connection with standard cosmology. By defining the cosmic time τ of the
brane universe in the following way:
dτ 2 ≡ (1 +BΦ˙2/c2)dt2, (33)
we can bring the matter metric into the following standard comoving frame form for
the Robertson-Walker metric:
gˆµνdx
µdxν = −c2dτ 2 + a20(τ)γijdxidxj . (34)
In this new frame, the gravity metric (32) takes the form
gµνdx
µdxν = −
[
c2 − BΦ˙2
]
dτ 2 + a20(τ)γijdx
idxj , (35)
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where the overdot from now on stands for derivative w.r.t. τ . So, in the matter metric
comoving frame with the time coordinate τ , a photon travels with a constant speed
cph = c and a graviton travels with a time-variable speed cgrav =
√
c2 −BΦ˙2 = c/√I.
Note, I = 1/(1 − BΦ˙2/c2) when the overdot stands for derivative w.r.t. τ . So, a
graviton is observed to travel slower than the present day speed in this new frame,
while Φ varies with τ . In this new frame, the effective Friedmann equations (29,30)
take the following forms:
(
a˙0
a0
)2
=
32π2G25σ
9c4I3/2
̺+
32π2G25σ
9c6I
(
I
2
Φ˙2
c2
+ V
)
+
4πG5
3c2I
(
Λ +
4πG5
3c4
σ2
)
+
Cc2
a40I
− kc
2
a20I
, (36)
a¨0
a0
+
1
2
I˙
I
a˙0
a0
= −16π
2G25σ
9c4I3/2
(
̺+ 3I
℘
c2
)
− 32π
2G25σ
9c6I
(
I
Φ˙2
c2
− V
)
+
4πG5
3c2I
(
Λ +
4πG5
3c4
σ2
)
− Cc
2
a40I
, (37)
and the biscalar equation (20) takes the form
I2
c2
(
1− c
2B
I3/2
̺
)
Φ¨ +
3I
c2
a˙0
a0
Φ˙
(
1 +
B√
I
℘
)
+ V ′(Φ) = 0. (38)
The first Friedmann equation (36) can be put into the following “sum-rule” form:
1 + I−1Ωk = I
−3/2Ω̺ + I
−1ΩΦ + I
−3/2ΩΛ4 + I
−1ΩC , (39)
where the density parameters are defined as
Ωk ≡ kc
2
a20H
2
, Ω̺ ≡ 32π
2G25σ̺
9c4H2
, ΩΦ ≡ 32π
2G25σ̺Φ
9c4H2
,
ΩΛ4 ≡
32π2G25σ̺Λ4
9c4H2
, ΩC =
Cc2
a40H
2
. (40)
Here, H = a˙0/a0 is the Hubble parameter and ̺Λ4 = Λ4c
2
grav/(8πG4) =
3c2
√
I
8πG5σ
(Λ +
4πG5
3c4
σ2) is the vacuum energy density, where Λ4 =
4πG5
c4
(Λ + 4πG5
3c4
σ2) is the effective
four-dimensional cosmological constant. Unlike the case of conventional cosmology,
the sum rule involves the additional factors of I. From the second Friedmann equation
(37), we obtain the following expression for the deceleration parameter:
q = −a0a¨0
a˙20
=
I˙
2HI
+
1
2
(I−3/2Ω̺+I
−1ΩΦ)+
16π2G25σ
3c6H2
(I−1/2℘+I−1℘Φ+2I
−1/2℘Λ4)+I
−1ΩC,
(41)
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where ℘Λ4 = −c2grav̺Λ4 = − 3c
4
8πG5σ
√
I
(Λ+ 4πG5
3c4
σ2). We consider the special case describ-
ing the present day universe having k = 0, Λ4 = 0 and ℘ = 0. For such case, the
sum-rule formula (39) takes the form:
1 = I−3/2Ω̺ + I
−1ΩΦ + I
−1ΩC . (42)
So, the deceleration parameter (41) reduces to
q =
I˙
2HI
+
1
2
+
16π2G25σ
3c6H2I
℘Φ +
1
2I
ΩC . (43)
To be consistent with the observational data, the deceleration parameter has to be
negative. Unlike the case of conventional cosmology, we have additional contribution
from the dark radiation term. A negative value of C helps with achieving negative q.
With positive C, more rapid variation of the biscalar field with time is required in order
to be consistent with the observational data.
From the effective Friedmann equations (36,37) in the comoving frame for the
matter metric, we can read off that the speed of a graviton and the effective four-
dimensional Newton’s constant on the brane are respectively given by
cgrav =
c√
I
, G4 =
4πG25σ
3c4I3/2
. (44)
This expression for cgrav agrees with the value read off from the gravity metric (35). G4
also varies with time and takes smaller value than the present day value while Φ˙ 6= 0. In
terms of these effective four-dimensional parameters, the effective Friedmann equations
(36,37) in the comoving frame for the matter metric take the forms
(
a˙0
a0
)2
=
8πG4
3
̺+
4πG4
3c4grav
√
I
Φ˙2 +
c2grav
3
Λeff +
Cc2grav
a40
− kc
2
grav
a20
, (45)
a¨0
a0
+
1
2
I˙
I
a˙0
a0
= −4πG4
3
(
̺+ 3
℘
c2grav
)
− 8πG4
3c4grav
√
I
Φ˙2 +
c2grav
3
Λeff −
Cc2grav
a40
, (46)
where Λeff is the effective total four-dimensional cosmological constant given by
Λeff =
4πG5
c4
(
Λ +
4πG5
3c4
σ2
)
+
32π2G25σ
3c8
V (Φ). (47)
This effective four-dimensional cosmological constant has contribution only from V (Φ),
if the brane tension takes the fine-tuned value σ =
√
− 3c4Λ
4πG5
of the RS2 model [21].
We discuss resolution of various cosmological problems within our bimetric model.
First, we consider the horizon problem. The four-velocity vector V µ of a photon,
which is null w.r.t. the matter metric, i.e., gˆµνV
µV ν = 0, is spacelike w.r.t. the gravity
metric, i.e., gµνV
µV ν = B(V µ∂µΦ)
2 > 0 when ∂µΦ 6= 0 and B > 0. So, photons and
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other matter fields propagate outside the lightcone of the gravity metric. The horizon
problem is therefore resolved in our bimetric model, provided Φ varies rapid enough
with time during an early period of cosmic evolution. Furthermore, the problem of
unwanted relics such as magnetic monopoles, which requires a larger value of the light
speed during an early period for its resolution in the VSL models, can also be resolved
by our bimetric model. However, the flatness problem and the cosmological constant
problem, which require the rapid enough decrease in the speed of a graviton to the
present day value (in the Friedmann equations) for their resolution in the VSL models,
cannot be resolved by our bimetric model, since the speed of a graviton takes a constant
value c in the comoving frame for the gravity metric and takes a smaller value than c
in the comoving frame for the matter metric, while Φ˙ 6= 0. The flatness problem may
be resolved by our bimetric model, provided the biscalar potential V (Φ) has a region
satisfying the slow-roll approximation and thereby the biscalar can act as an inflaton.
Detailed discussion on resolution of these cosmological problems within the VSL brane
world cosmologies is given in Refs. [19, 36].
We comment on the Planck problem of the VSL cosmologies pointed out in Ref.
[37]. When the speed of a graviton and the Newton’s constant vary with time, so do the
Planck mass mpl =
√
h¯cgrav/G4, the Planck length lpl =
√
h¯G4/c3grav and the Planck
time tpl =
√
h¯G4/c5grav. By substituting cgrav and G4 in Eq. (44), we see that the
Planck mass takes larger value than the present day value, the Planck length remains
constant and the Planck time takes larger value, while the biscalar varies with time.
Since the Planck mass takes larger value, our bimetric model makes the hierarchy
problem worse. Furthermore, too much large value of I, which leads to the value of
the Planck time (∼ c−5/2grav ∼ I5/4) larger than ∼ 10−20 sec would totally mess up the
usual standard particle physics arguments, e.g., matter dominance over anti-matter.
Therefore, a judicial choice of the biscalar potential V (Φ) which leads to the value of
I not exceeding ∼ 1020 and therefore the speed of light (∼ I1/2) not exceeding ∼ 1010
times the present day value is necessary. This limit on the speed of light during the
early stage of cosmological evolution may be insufficient for solving the cosmological
problems. So, our bimetric model risks the above mentioned problem associated with
large tpl, if it is to solve the cosmological problems. However, since the Planck density
(∼ mpl/l3pl ∼ I1/2) increases for our bimetric model, the Planck density problem may
be resolved.
References
[1] J.W. Moffat, “Superluminary universe: A Possible solution to the initial value problem
in cosmology,” Int. J. Mod. Phys. D2 (1993) 351, gr-qc/9211020.
[2] A. Albrecht and J. Magueijo, “Time varying speed of light as a solution to cosmological
puzzles,” Phys. Rev. D59 (1999) 043516, astro-ph/9811018.
9
[3] A.H. Guth, “The inflationary universe: A possible solution to the horizon and flatness
problems,” Phys. Rev. D23 (1981) 347.
[4] A.D. Linde, “A new inflationary universe scenario: A possible solution of The horizon,
flatness, homogeneity, isotropy and primordial monopole problems,” Phys. Lett. B108
(1982) 389.
[5] A. Albrecht and P.J. Steinhardt, “Cosmology for grand unified theories with radiatively
induced symmetry breaking,” Phys. Rev. Lett. 48 (1982) 1220.
[6] M.A. Clayton and J.W. Moffat, “Dynamical mechanism for varying light velocity as a
solution to cosmological problems,” Phys. Lett. B460 (1999) 263, astro-ph/9812481.
[7] M.A. Clayton and J.W. Moffat, “Scalar-tensor gravity theory for dynamical light veloc-
ity,” Phys. Lett. B477 (2000) 269, gr-qc/9910112.
[8] M.A. Clayton and J.W. Moffat, “Vector field mediated models of dynamical light veloc-
ity,” gr-qc/0003070.
[9] M.A. Clayton and J.W. Moffat, “A scalar-tensor cosmological model with dynamical
light velocity,” Phys. Lett. B506 (2001) 177, gr-qc/0101126.
[10] I.T. Drummond, “Variable light-cone theory of gravity,” gr-qc/9908058.
[11] G. Kalbermann and H. Halevi, “Nearness through an extra dimension,” gr-qc/9810083.
[12] E. Kiritsis, “Supergravity, D-brane probes and thermal super Yang-Mills: A compari-
son,” JHEP9910 (1999) 010, hep-th/9906206.
[13] G. Kalbermann, “Communication through an extra dimension,” Int. J. Mod. Phys.A15
(2000) 3197, gr-qc/9910063.
[14] D.J. Chung and K. Freese, “Can geodesics in extra dimensions solve the cosmological
horizon problem?,” Phys. Rev. D 62 (2000) 063513, hep-ph/9910235.
[15] S.H. Alexander, “On the varying speed of light in a brane-induced FRW universe,”
JHEP0011 (2000) 017, hep-th/9912037.
[16] H. Ishihara, “Causality of the brane universe,” Phys. Rev. Lett. 86 (2001) 381, gr-
qc/0007070.
[17] D.J. Chung, E.W. Kolb and A. Riotto, “Extra dimensions present a new flatness prob-
lem,” hep-ph/0008126.
[18] C. Csaki, J. Erlich and C. Grojean, “Gravitational Lorentz violations and adjustment
of the cosmological constant in asymmetrically warped spacetimes,” Nucl. Phys. B604
(2001) 312, hep-th/0012143.
[19] D. Youm, “Brane world cosmologies with varying speed of light,” Phys. Rev.D63 (2001)
125011, hep-th/0101228.
[20] L. Randall and R. Sundrum, “A large mass hierarchy from a small extra dimension,”
Phys. Rev. Lett. 83 (1999) 3370, hep-ph/9905221.
[21] L. Randall and R. Sundrum, “An alternative to compactification,” Phys. Rev. Lett. 83
(1999) 4690, hep-th/9906064.
10
[22] J.D. Barrow, “Cosmologies with varying light speed,” Phys. Rev. D 59 (1999) 043515,
astro-ph/9811022.
[23] J.D. Barrow and J. Magueijo, “Varying-alpha theories and solutions to the cosmological
problems,” Phys. Lett. B443 (1998) 104, astro-ph/9811072.
[24] J.D. Barrow and J. Magueijo, “Solutions to the quasi-flatness and quasi-lambda Prob-
lems,” Phys. Lett. B447 (1999) 246, astro-ph/9811073.
[25] J.W. Moffat, “Varying light velocity as a solution to the problems in cosmology,” astro-
ph/9811390.
[26] J.D. Barrow and J. Magueijo, “Solving the flatness and quasi-flatness problems in Brans-
Dicke cosmologies with a varying light speed,” Class. Quant. Grav. 16 (1999) 1435,
astro-ph/9901049.
[27] P. Binetruy, C. Deffayet and D. Langlois, “Non-conventional cosmology from a brane-
universe,” Nucl. Phys. B565 (2000) 269, hep-th/9905012.
[28] W.D. Goldberger and M.B. Wise, “Modulus stabilization with bulk fields,” Phys. Rev.
Lett. 83 (1999) 4922, hep-ph/9907447.
[29] W.D. Goldberger and M.B. Wise, “Phenomenology of a stabilized modulus,” Phys. Lett.
B475 (2000) 275, hep-ph/9911457.
[30] P. Binetruy, C. Deffayet, U. Ellwanger and D. Langlois, “Brane cosmological evolution
in a bulk with cosmological constant,” Phys. Lett. B477 (2000) 285, hep-th/9910219.
[31] E.E. Flanagan, S.H. Tye and I. Wasserman, “Cosmological expansion in the Randall-
Sundrum brane world scenario,” Phys. Rev. D62 (2000) 044039, hep-ph/9910498.
[32] S. Mukohyama, “Brane-world solutions, standard cosmology, and dark radiation,” Phys.
Lett. B473 (2000) 241, hep-th/9911165.
[33] D. Ida, “Brane-world cosmology,” JHEP 0009 (2000) 014, gr-qc/9912002.
[34] C. Csaki, M. Graesser, C. Kolda and J. Terning, “Cosmology of one extra dimension
with localized gravity,” Phys. Lett. B462 (1999) 34, hep-ph/9906513.
[35] J.M. Cline, C. Grojean and G. Servant, “Cosmological expansion in the presence of
extra dimensions,” Phys. Rev. Lett. 83 (1999) 4245, hep-ph/9906523.
[36] D. Youm, “Variable-speed-of-light cosmology from brane world scenario,” hep-
th/0102194.
[37] D.H. Coule, “Varying c cosmology has Planck epoch escape problem,” Mod. Phys. Lett.
A14 (1999) 2437, gr-qc/9811058.
11
